Aminoacyl-tRNA synthetases specifically charge tRNAs with their cognate amino acids. A prototype for the most complex aminoacyl-tRNA synthetases is the four-subunit glycyl-tRNA synthetase from Escherichia coli, encoded by two open reading frames. We examined the glycyl-tRNA synthetase gene from Chlamydia trachomatis, a genetically isolated bacterium, and identified only a single open reading frame for the chlamydial homolog (glyQS). This is the first report of a prokaryotic glycyl-tRNA synthetase encoded by a single gene.
The glycyl-tRNA synthetase of Escherichia coli is an example of ␣2␤2 quaternary structure (16) . A single mRNA encodes both subunits of the enzyme, with the termination site for the ␣ open reading frame (ORF) in frame with an initiation site for the ␤ ORF located 9 nucleotides downstream from the termination site (11) . These findings suggest that a single polypeptide may have been the progenitor of the ␣2␤2 quaternary structure (28, 34) . Also, others have questioned whether the carboxyl-terminal amino acid sequence of aminoacyl-tRNA synthetases is necessary for enzymatic activity (10, 29, 32, 34, 37) .
We examined the glycyl-tRNA synthetase from Chlamydia trachomatis for two purposes: (i) to determine if differences exist in this complex enzyme that may define regulatory events of protein synthesis and (ii) to test the hypothesis that a single ORF may exist in more distantly related members of the gramnegative eubacteria. The entire gene (glyQS) was isolated from a genomic library. We found that glyQS exists as a single ORF, with repeating proline residues encoded in the comparable interval region of E. coli glyQ and glyS. Sequence and immunoblot analysis also demonstrated that the size of the chlamydial polypeptide was similar to that predicted for the combined ␣-␤ ORFs of E. coli. In addition, there was a 71% increase in cysteine residues encoded in chlamydial glyQS compared with E. coli glyQ and glyS.
(These data were presented in part at the Eighth International Symposium on Human Chlamydial Infections, Chantilly, France, June 1994.)
C. trachomatis culture and library construction. C. trachomatis L2/434/Bu was grown in suspension cultures of L929 cells for 40 to 48 h as previously described (30) . The organism was then purified on discontinuous Renografin density gradients of 30, 44, and 52% and collected at the 44 to 52% interface. Chlamydial DNA was purified by sodium dodecyl sulfate (SDS)-proteinase K lysis and phenol-chloroform extraction. Genomic DNA digested with Sau3A was cloned into a 1059 BamHI restriction site as previously described (26) .
PCR amplification and genomic library hybridization. Primers were designed for the carboxyl terminus of the ␣ chain of glycyl-tRNA synthetase from E. coli, a region believed to represent a catalytically active and conserved site (34) . Two oligonucleotides designed to hybridize with the 3Ј end of the E. coli ␣ ORF for glycyl-tRNA synthetase (amino acids [a.a.] 291 to 296 and a.a. 296 to 300) were synthesized with degenerate codon sites as follows: primer 1, 5Ј-NTRNCGYAGNGKNSW NGC-3Ј (a.a. 291 to 296); primer 2, 5Ј-CATNGGRAANCC NA-3Ј (a.a. 296 to 300) (K ϭ G or T; N ϭ A, G, C, or T; R ϭ A or G; S ϭ G or C; W ϭ A or T; and Y ϭ C or T). A 5Ј-end primer to a.a. 242 to 247 was also synthesized as follows: primer 3, 5Ј-RTANGCNGGNTRNGG-3Ј (a.a. 242 to 247) (Genosys Biotechnologies, Inc.). Each oligonucleotide was also synthesized with BamHI restriction sequence plus 3 extra nucleotides at both the 5Ј and 3Ј ends to facilitate restriction endonuclease digestion and cloning of the PCR product. PCRs were performed with recombinant Taq polymerase and reagents as recommended by the manufacturer (Perkin-Elmer Corp.) over 35 cycles of 94ЊC for 30 s, 37ЊC for 90 s, and 72ЊC for 90 s, using 50 to 100 ng of C. trachomatis serovar L2 genomic DNA as the template (25) . Appropriately sized PCR products of approximately 150 bp were purified from the primer and ligated into the BamHI site of pUC19 (Pharmacia) or Bluescript II SK(Ϫ) (Stratagene Cloning Systems) by standard protocols (21) . Recombinant plasmids were transformed into E. coli DH5␣ by the procedures recommended by the manufacturer (Gibco BRL). A larger portion of glyQS was then amplified by using the subsequently identified DNA sequence (5Ј-end primer [ (Fig. 1) . PCR was performed as noted previously. The appropriately sized PCR product of 1,600 bp was purified from the residual primer and ligated, and recombinants were transformed into E. coli DH5␣ as noted previously. The sequence of the 1,600-bp product was confirmed as encoding glycyl-tRNA synthetase by the dideoxy sequencing method, with modified T7 DNA polymerase (Sequenase; U.S. Biochemical Corp.) and fluorescent primers (universal and reverse), duplex template, and an Applied Biosystems Automatic Sequencer (model 370A). A spontaneous 500-bp PCR product was also noted in this PCR. It was cloned and sequenced as described above. All PCR products were confirmed as chlamydial in origin by back-Southern hybridization of 32 Plabeled PCR product (random primer extension; Gibco BRL) to purified C. trachomatis serovar L2 genomic DNA digested with BamHI versus purified uninfected L929 eukaryotic host DNA digested with BamHI, using capillary transfer to GeneScreen filters, hybridization, and washes as recommended by the manufacturer (DuPont-NEN) (data not shown). Hybridization and washes were done at high stringency and employed the recommended no-formamide method (DuPont-NEN).
The genomic library was probed with the PCR product from primer pairs to the carboxyl terminus of the ␣ ORF as described previously (primers 2 and 3). Plates of Q359 phage library were overlaid with nitrocellulose disks (BA-85; Schleicher & Schuell, Inc.), and disks containing plaque-adsorbed DNA were probed with 32 P-labeled (random primer extension, Gibco BRL) PCR product. Several plaques that produced strong signals were picked and plaque purified until uniformly reactive. DNA was isolated from clones as previously described (26) . Two strongly hybridizing clones were selected for further analysis by Southern and duplex DNA sequencing.
Restriction endonuclease mapping and DNA sequencing. Purified DNA was digested with BamHI, and restriction fragments were separated by electrophoresis in a 1% agarose gel. An insert of approximately 9,000 bp was identified. Transfer to GeneScreen filters (DuPont-NEN), hybridization, and washes were performed as noted previously. The 9,000-bp insert hybridized strongly with the PCR product which contained sequence encoding glycyl-tRNA synthetase. The clone was then similarly digested with ClaI, SphI, EcoRI, HindIII, PstI, SstI, KpnI, XhoI, and XbaI and selected double digests. Fragments were separated by electrophoresis and hybridized as noted above. A restriction map which identified three major components in the 9,000-bp insert was created (Fig. 1) . Overlapping fragments were then identified and gel purified for cloning and DNA sequencing by methods described previously. All sequence was confirmed by duplicate sequencing and/or sequencing of both strands in both directions. Sequence and homology analysis was performed with FASTA (GenBank, EMBL, and Swiss databases) and the University of Wisconsin Genetics Computer Group programs (5). The nucleotide sequence was submitted to GenBank (National Center for Biotechnology Information) and assigned accession number U20547.
Expression of chlamydial glycyl-tRNA synthetase, antibody induction, and immunoblot. Amplified DNA from the chlamydial ORF (primers 4 and 5) was ligated in frame into the glutathione-S-transferase expression vector pGEX-2T (Pharmacia). Recombinants were transformed into E. coli TBI cells and recovered on L medium containing ampicillin (1, 24) . A recombinant fusion protein of the predicted size was purified from sonicated cells with glutathione-agarose beads as previously described and identified by polyacrylamide gel electrophoresis (PAGE) in 10% gels (91 kDa) (1) . Two controls were also expressed, purified, and examined by PAGE. One control consisted of pGEX without insert. The second control was a recombinant of the spontaneous 500-bp PCR product observed in the amplification reaction noted above. FASTA analysis of this second control showed a partial ORF without amino acid homology to other known polypeptides. Largescale preparations of recombinant protein were purified by sonication, PAGE, and electrotransfer to nitrocellulose filters, followed by excision of the protein. The protein-containing filter (50 to 100 g) was minced in dimethyl sulfoxide, emulsified with Freund's complete adjuvant in a 1:1 ratio, and injected subcutaneously into Swiss white rabbits. Two boosters at 6 and at 8 weeks emulsified in incomplete Freund's adjuvant were similarly injected. Venous blood from an ear vein (10 ml) was collected at 10 weeks and spun after clot formation. Serum was stored at Ϫ80ЊC. From 10 to 20 g of chlamydial protein (C. trachomatis serovar L2) in SDS loading buffer was separated by 10% PAGE and electrotransferred to nitrocellulose filters. Horseradish peroxidase (HRP) immunoblots were performed essentially as previously described, with a 1:100 dilution of the primary antibody and a 1:500 dilution of secondary antibody (goat anti-rabbit immunoglobulin-HRP; Zymed Corp.) (31) .
Assay for aminoacylation activity. A pyrophosphate exchange assay was performed with recombinant proteins as noted above, purified from glutathione-agarose beads as recommended by the pGEX commercial provider (Pharmacia). The assay was performed essentially as previously described (3, 18) . This technique measures enzyme activity by the L-glycine-dependent exchange of ATP with 32 P i to produce isotope-labeled ATP. A 1-ml reaction contained 25 mM Tris-Cl (pH 7.5), 5 mM MgCl 2 , 2 mM ATP, 2 mM L-glycine, 10 mM 2-mercaptoethanol, 2 mM 32 P-labeled tetrasodium pyrophosphate (10 mCi/mmol) (Dupont-NEN), and 100 g of total recombinant protein. Controls included recombinant glycyl-tRNA synthetase without L-glycine in the reaction mixture. A second set of controls using the recombinant protein from the 500-bp chlamydial ORF (without homology to the aminoacyl-tRNA synthetases) was prepared with and without L-glycine as an additional control for background. Isotope incorporation into ATP was measured in a Beckman LSC LS330 scintillation counter after adsorption to acid-washed Norit A charcoal suspension. Recombinant glycyl-tRNA synthetase in reaction mixes with L-glycine produced an excess of 180,523 cpm (ATP adsorption) over background controls without L-glycine. The non-aminoacyl-tRNA synthetase recombinant protein control (translated from the 500-bp chlamydial ORF) produced 66,826 cpm (ATP adsorption) in the presence of L-glycine. The increase in ATP labeling by chlamydial glycyl-tRNA synthetase therefore represented a 170% increase over unrelated protein in the same reaction mix.
DNA sequence and ORF analysis. A single ORF of 3,024 bp encoding 1,008 amino acids was identified (Fig. 2) . The base composition of the ORF was 43% GϩC, in close agreement with the expected A-T-rich composition of chlamydial sequences (7, 12) . Sliding nucleotide composition analysis (analysis length, 20; offset, 2) indicated that the highest GC% existed between nt 850 and 1000, a region rich in predicted proline residues (Textco Inc.). The lowest GC percentages (30 to 40%) were noted in the 3Ј portion of the sequence, beyond nt 2000. There was a putative ribosome-binding site at Ϫ10 (AGGAG). An inverted repeat search identified a 12-nt inverted repeat with two mismatches and a separation distance of 4 nt, 23 nt downstream from two TAA tandem termination sites (Textco Inc.) (Fig. 2) . Dot matrix nucleotide homology analyses comparing the combined E. coli ␣ and ␤ ORFs, the human glycyl-tRNA synthetase nucleotide sequence, and the single chlamydial ORF were without regions of nucleotide homology (length of search analysis, 6; maximum allowed mismatches, 1) (Textco Inc.).
The ORF encoded a polypeptide of 1,008 amino acids, designated GlyQS, in recognition of the combined ␣-␤ amino acid homology to the E. coli product (Fig. 3) (4, 19, 28, 29) . The calculated molecular mass of the encoded protein was 112,707 Da, with an approximate charge at pH 7.0 of Ϫ18. The calculated molecular mass of a polypeptide encoded by glyQ plus glyS was 111,236 Da, with an approximate charge at pH 7.0 of Ϫ31. However, the approximate charge of each encoded protein alone was Ϫ13 (glyQ) and Ϫ18 (glyS), in closer agreement to that calculated for C. trachomatis glycyl-tRNA synthetase. Twelve cysteines (1.0%) were encoded at interval distances of 33 to 286 amino acid residues, with the longest distance between cysteines occurring in the region corresponding to the E. coli ␣ glyQ. The combined ␣-␤ E. coli ORF encodes only seven cysteine residues, four of which are encoded by glyQ.
FASTA homology analysis of the predicted polypeptide indicated the existence of two significant scores, the ␣ chain of E. coli glycyl-tRNA synthetase (initn 780, init1 594, opt 904) and the ␤ chain of E. coli glycyl-tRNA synthetase (initn 331, init1 116, opt 670). There was 54.6% identity in a 291-amino-acid overlap compared with the ␣ chain of E. coli glycyl-tRNA synthetase and 24.4% identity in a 694-amino-acid overlap compared with the ␤ chain of E. coli glycyl-tRNA synthetase. The only other noted homology was to glutathione transferase alpha-I (initn 121, init1 103, opt 120), with 23.8% identity in a 122-amino-acid overlap (a.a. 686 to 808 of C. trachomatis glycyl-tRNA synthetase).
Amino acid sequence analysis was also performed to determine if typical motifs for class 2 aminoacyl-tRNA synthetases were present. Aminoacyl-tRNA synthetases are divided into two distinct groups: class 1 enzymes, characterized by a catalytic domain comprising a Rossmann nucleotide-binding fold, and class 2 enzymes, with a multistranded antiparallel ␤-structure present as the active-site region (8) . Class 2 synthetases also are divided into class 2a and class 2b based on several important characteristic sequence motifs (4). The ␣2␤2 tetrameric synthetases show some special features in common with class 2b motifs. The chlamydial amino acid sequence for glycyl-tRNA synthetases only identified motif 3 (Fig. 3) . This result is similar to sequence analysis of the E. coli amino acid sequence for glycyl-tRNA synthetase (4). Search of both the ␣ and ␤ regions of the chlamydial sequence failed to identify motif 1 or motif 2. Motif 3 is a glycine-and proline-rich region with a highly conserved methionine residue after a universally conserved arginine. This motif is found in all class 2 synthetases, implying probable conserved structural and/or functional features.
The chlamydial amino acid sequence for glycyl-tRNA synthetase was also examined for homology to human glycyltRNA synthetase (6, 23) . The amino acid sequence of insect Bombyx mori glycyl-tRNA synthetase indicated that significant differences might exist between the eukaryotic and prokaryotic species of this enzyme (13) . Instead of an ␣2␤2 tetrapeptide, the glycyl-tRNA synthetase of B. mori was a single ORF encoding a protein of 77 kDa (13). Shiba et al. and Ge et al. have VOL. 177, 1995 NOTES 5181 since confirmed that no homology exists when E. coli and human glycyl-tRNA synthetase amino acid sequences are compared, suggesting that a different path of historical development may have existed for this enzyme species in prokaryotes and eukaryotes (6, 23) . Comparison of chlamydial glycyl-tRNA synthetase with human glycyl-tRNA synthetase similarly showed no homology in any portion of the nucleotide or amino acid sequence. Further analysis of other prokaryotic glycyl-tRNA synthetases will be required to determine the relationship of various prokaryotic enzyme species. Immunoblot analysis and PP i exchange assay results. Immunoblot analysis with antibody generated to a major portion of GlyQS indicated that the antibody identified only a single protein of approximately 110 kDa (Fig. 4) . No other proteins of sizes comparable to the E. coli ␣ and ␤ chains reacted with the antibody. As a control, antibody to the product of a partial ORF present in an extra 500-bp PCR product from the chlamydial glycyl-tRNA amplification did not identify proteins of 110 kDa or proteins of a size comparable to the separate ␣ and ␤ glycyl-tRNA synthetase subunits. Control antibody appeared to identify only a protein of 52 to 54 kDa in the chlamydial whole-protein lysate, which may correspond to the 52-to 54-kDa chlamydial antigen recognized by other investigators (15) .
The PP i exchange assay with the recombinant glycyl-tRNA synthetase from C. trachomatis increased incorporation of isotope into ATP by 30.5% over background control reactions without L-glycine. The recombinant chlamydial glycyl-tRNA synthetase also incorporated 170% more cpm (adsorbed ATP) than the unrelated control recombinant protein compared with control reactions without L-glycine for both recombinant polypeptides. The enzyme was of recombinant source, as noted above. Given the importance of tertiary structure for glycyltRNA synthetase activity, enzymatic exchange may not yet be optimized. However, the results indicate that enzymatic activity is present in vitro, with the potential for eventual optimization. 
Concluding remarks.
We examined the chlamydial glycyltRNA synthetase for two purposes: (i) to determine if structural differences in this subunit enzyme explain regulatory events governing the biphasic pattern of chlamydial protein synthesis, and (ii) to test the hypothesis that a single ORF may exist in distantly related gram-negative bacteria. Gene and polypeptide similarities are greater than differences in comparisons with the E. coli enzyme with the exception of enrichment of the chlamydial homolog with cysteine residues. Translational activities are therefore probably more similar than different at the level of aminoacyl-tRNA synthetase activity. This possibility is also supported by a reported partial ORF for the glutamyl-tRNA synthetase from Chlamydia psittaci, which has 38% identity over 345 amino acids when compared with the E. coli enzyme (36) . The presence of sequence encoding for extra cysteines has been observed in other chlamydial proteins essential for peptide biosynthesis (30) . Also, it has been shown that cysteine is required for chlamydial protein synthesis (27) . Perhaps the events regulating cysteine disulfide linkage oxidation-reduction also affect the activity of the chlamydial protein synthesis machinery.
We also showed that a single ORF encoded glycyl-tRNA synthetase in C. trachomatis, the first report of a natural prokaryotic glycyl-tRNA synthetase lacking subunit definition at the gene level. The genus Chlamydia is probably a genetically isolated prokaryote, given its lack of genetic exchange systems and growth only within the confines of a eukaryotic cell (25, 35) . Our findings support the premise that a single polypeptide is a more likely precursor enzyme than the complex quaternary ␣2␤2 subunit structure of E. coli (34) . This is also in agreement with functional subunit polypeptide chain fusions described by Toth and Schimmel (28) . There is a much higher level of predicted amino acid identity in the amino-terminal sequence, again consistent with previous comparisons of other bacterial aminoacyl-tRNA synthetases (10, 32, 37) . Interestingly, the predicted size of the protein encoded by glyQS varied little from that encoded by the combined ␣-␤ E. coli sequence (glyQ and glyS). Some investigators have proposed that the smaller aminoacyl-tRNA synthetases represent the basic building blocks of this enzyme type. Perhaps, instead, a larger precursor existed with more flexibility, eventually specializing to more truncated forms. An example of data supporting this hypothesis is the in vitro analysis of phenylalanyl-tRNA synthetase tRNA recognition. Phenylalanyl-tRNA synthetase is an ␣2␤2 aminoacyl-tRNA synthetase similar to glycyl-tRNA synthetase. Peterson and Uhlenbeck observed that this enzyme recognized multiple tRNA types when exposed to a random mixture of tRNAs (17) . Cusack et al. compared sequence, structural, and evolutionary relationships between class 2 aminoacyl-tRNA synthetases and also concluded that as tRNA synthetases evolved, they may have acquired increased specificity (4). The presence of multiple alternating prolines in the interspace between the chlamydial ␣ and ␤ regions suggests major interruptions in alpha helices. The proline-rich region perhaps allows the carboxyl-terminal amino acid sequence to assume a threedimensional structure necessary for enzymatic activity or regulation (4, 8, 28, 29) .
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